oocytes are arrested in first meiotic prophase. The ZP increases in thickness as oocytes increase in diameter from ≃12 to ≃80 µm. The ZP of fully-grown oocytes is ≃6 µm thick and contains ≃3.5 ng of protein. Overall, the ZP is a very porous (e.g., permeable to antibodies and viruses) and relatively elastic matrix that is composed of long, interconnected fibrils ( Fig. A. 
2.1).
The mouse ZP is composed of three proteins, called mZP1-3. Together, mZP2 and 3 account for more than 80% of the mass of the ZP and are present in roughly equimolar amounts. mZP1 is the least abundant protein component of the ZP. A fourth ZP protein, mZP4, is missing from the ZP as it is encoded by a pseudogene (pseudogenes are dysfunctional relatives of genes that have lost their protein-coding ability or are no longer expressed). mZP1-3 are heterogeneously glycosylated with asparagine (N) and serine/threonine-(O-) linked oligosaccharides and the oligosaccharides are sialylated and sulfated making the proteins relatively acidic. mZP1, 2, and 3 possess 4, 6, and 5 N-linked oligosaccharides, respectively, and at least two O-linked oligosaccharides are present on mZP3. Under nonreducing conditions, mZP2 and 3 migrate on SDS-PAGE as ≃120 and ≃83 kD MW monomers, respectively, whereas mZP1 migrates as a ≃200 kD MW disulfide-linked homodimer. mZP1 crosslinks individual fibrils that consist of mZP2 and 3 and thereby ensures the structural integrity of the ZP matrix. mZP2 and 3 serve as building blocks of ZP fibrils and also as sperm receptors during fertilization. Modification of both mZP2 and 3 following fertilization renders the ZP refractory to sperm binding. mZP1-3 are prototypical ZPD proteins. Their nascent precursor polypeptides consist of an N-terminal signal sequence (SS), a ZPD, a C-terminal propeptide (CTP) that has a consensus furin cleavage site (CFCS), a transmembrane domain (TMD), and a cytoplasmic tail (CT). The SS is a ≃25-30 aa peptide, almost always present at the N-terminus of the polypeptide, that directs proteins to the secretory pathway where the SS is removed. The CFCS is a short aa sequence, frequently R-X-X-R or R-X-R/ K-R, that is recognized and cleaved by a member of the furin-like family of pro-protein convertases. The TMD is ≃20 aa in length, consists primarily of hydrophobic aa, and represents a stable structure, either an α-or β-helix when inserted in membrane.
The precursor polypeptide of mZP1 is ≃69 kD MW and has a ZPD that is preceded by a trefoil (P) domain (a 45 aa sequence characterized by six Cys residues that form three intramolecular disulfides linked 1,5, 2,4, and 3,6) and a single extra ZP-N sub-domain (Fig. A.2 .2). The precursor polypeptide of mZP2 is ≃79 kD MW and has a ZPD that is preceded by three extra copies of the ZP-N sub-domain (Fig. A.2 .2). The precursor polypeptide of mZP3 is ≃47 kD MW, the smallest of the three mouse ZP proteins, and consists primarily of a single ZPD (Fig. A.2 .2).
mZP1 polypeptide aa sequence and domain organization:
The polypeptide of ZP1 consists of 623 aa residues and has an SS (aa 1-20; highlighted), a trefoil domain (aa 225-266; italicized) with six Cys residues (aa 228, 237, 247, 252, 253, 262; capitalized and underlined), highlighted) In each case, the polypeptide contains an SS at the N-terminus, a ZPD, and a CFCS, TMD, and CT at the CTP. mZP1 also has a trefoil (P) domain adjacent to the ZPD and an extra ZP-N subdomain close to the N-terminus of the polypeptide. mZP2 has three extra ZP-N sub-domains between the ZPD and N-terminus of the polypeptide. mZP3, the smallest of the three proteins, consists primarily of a ZPD.
with 10 Cys residues (aa 272, 306, 325, 368, 449, 470, 522, 527, 535, 539; capitalized and underlined) The polypeptide of ZP2 consists of 713 aa residues and has an SS (aa 1-34; highlighted), a ZPD (aa 364-628; highlighted) with 10 Cys residues (aa 272, 306, 325, 368, 449, 470, 522, 527, 535, 539 ; capitalized and underlined), followed by a CFCS (aa 632-635, RSKR; highlighted and underlined) and a TMD (aa 684-703; highlighted). Cys residues 365, 396, 417, and 458 are in the ZP-N sub-domain and Cys residues 538, 569, 608, 613, 623, and 627 are in the ZP-C sub-domain of the ZPD. The polypeptide of ZP3 consists of 424 aa residues and has an SS (aa 1-22; highlighted), a ZPD (aa 45-302; highlighted) with eight Cys residues (aa 46, 78, 98, 139, 216, 240, 283, 301; capitalized and underlined) , followed by a CFCS (aa 350-353, RNRR; highlighted and underlined), and a TMD (aa 387-409; highlighted). Cys residues 46, 78, 98, and 139 are in the ZP-N sub-domain and Cys residues 216, 240, 283, and 301 are in the ZP-C sub-domain of the ZPD. Comparison of the aa sequences of the ZPDs of mZP1-3 (mZP1-aa 271-540; mZP2-aa 364-628; mZP3-aa 45-302) reveals that the only invariant residues are the Cys residues and 16 other aa residues; P, F, L between the second and third Cys residues; Y, R between the third and fourth Cys residues; four L residues between the fourth and fifth Cys residues; A, T, P, G between the fifth and sixth Cys residues; and two F and a Y residue between the sixth and seventh Cys residues. However, many aa positions in the sequences of other mammalian ZP proteins have conserved physiochemical character, such as always polar (≃15%), always small (≃15%), and always hydrophobic (≃7.5%). 
A.3 SyNtheSiS, SecretioN, ANd ASSembly of ZP ProteiNS
ZP genes exhibit conserved organization with distinct domains defined by exon/ intron boundaries. Mouse ZP genes share TATAA boxes ≃30 bp upstream of the transcription start sites and E-box sequences (CANNTG) that are involved in oocyte-specific expression of ZP genes. At least two ovary-specific DNA-binding proteins, ZAP-1 and OSP-1, bind to promoters of mZP2 and 3. As little as 153 nucleotides of the mZP3 5′-flanking sequence are sufficient to target the expression of a foreign protein (e.g., firefly luciferase) to growing oocytes. Messenger-RNA encoding mouse ZP proteins is undetectable in non-growing oocytes but appears in small oocytes that have entered the growth phase. For example, messenger-RNA encoding mZP3 is undetectable in non-growing oocytes but increases to ≃300,000 copies/oocyte in mid-stage growing oocytes, falls to ≃240,000 copies/oocyte in fully-grown oocytes, and decreases to undetectable levels in fertilized eggs (<1000 copies/egg). During oocyte growth, a period of ≃2-3 weeks in mice, ZP protein synthesis represents ≃5% of total protein synthesis by the oocyte. As discussed previously, ZP proteins are synthesized as precursor polypeptides that have an SS and a CTP. The SS is removed during transit of the nascent proteins from the endoplasmic reticulum (ER) to the Golgi and the CTP is removed during secretion of the proteins into the extracellular space. In mice, all three ZP proteins are synthesized exclusively and coordinately by growing oocytes and are secreted independently. However, mZP2 and 3 are dependent on each other for incorporation into the ZP matrix. For example, female mice that are homozygous nulls for either mZP2 or 3 fail to produce a ZP around growing oocytes and are infertile. Mice that are homozygous nulls for mZP1 produce an abnormal ZP around growing oocytes but are fertile.
Several elements of nascent ZP proteins affect their secretion by oocytes and assembly into a ZP. For example, N-linked oligosaccharides are not required for secretion and assembly of mZP3 but are required for secretion and assembly of mZP2. mZP2 and 3 colocalize in unusually large secretory vesicles derived from Golgi but do not interact with each other inside the vesicles. Interaction between ZP proteins only occurs shortly before or just after the release of nascent mZP1-3 into the extracellular space. Nascent mZP2 and 3 are associated only with the innermost region of the thickening ZP, proximal to the oocyte's plasma membrane.
Once outside the oocyte, ZP proteins polymerize into long, interconnected fibrils (Fig. A.3.1 ). An mZP2-mZP3 dimer is located every ≃14 nm or so along the fibrils, imposing a structural periodicity that can be visualized in electron micrographs of solubilized mouse ZP. The fibrils in turn are crosslinked by mZP1, the least abundant of the ZP proteins, to create a 3-dimensional matrix. The propensity of purified mZP1, 2, and 3 to form higher order oligomers in vitro and the failure to construct a ZP around mouse oocytes that do not synthesize either mZP2 or 3 is consistent with this model for ZP fibrils.
Prior to incorporation into the oocyte's ZP, nascent mZP2 and 3 polypeptides are processed at their CFCS, located close to the C-terminus of the polypeptides, by a member of the furin family of serine proteases. All three nascent ZP proteins have a TMD downstream of the CFCS. The presence of a TMD is not required for secretion but is required for cleavage at the CFCS and ensures proper localization and/or topological orientation of nascent ZP proteins so that assembly can take place. The carboxy-terminal propeptide (CTP) of nascent mZP1-3 possesses a short, hydrophilic cytoplasmic tail (CT) downstream of the TMD. Like the TMD, the CT is not required for secretion but is required for the incorporation of nascent ZP proteins into the thickening ZP.
Elements required for the secretion of ZP proteins are located in the CTP between the CFCS and TMD and include a hydrophobic peptide, referred to as an external hydrophobic patch (EHP) (Fig. A.3.2) . ZP proteins must contain either an EHP or TMD to be secreted, and both the EHP and TMD must be present for incorporation of nascent ZP proteins into the thickening ZP. Another hydrophobic peptide, referred to as an internal hydrophobic patch (IHP), is present within the ZP-N sub-domain of the ZPD and also is required for the incorporation of ZP proteins into the ZP [Note:
The IHP is not always present within the ZP-N sub-domain of the ZPD; for example, in chicken ZP3, the IHP is present within the ZP-C sub-domain (Part A.4). Accurate assignment of the position of an IHP depends upon the availability of a high-resolution, 3-dimensional structure.]. Secretion of nascent ZP proteins by oocytes is inhibited when either the EHP or IHP is mutated in mZP2 or 3 polypeptides truncated before the TMD (Fig. A.3.3) . On the other hand, mutation of either the EHP or IHP in the presence of a TMD does not effect the secretion of mZP2 or 3 but prevents their assembly into fibrils (Fig. A.3.3) .
The IHP and EHP are essential for the assembly of nascent ZP proteins into the ZP and possibly for the assembly of many other ZPD proteins, including all vertebrate egg envelopes. In this context, sequence alignments of ZP3 orthologues from human, mouse, chicken, frog, and fish egg envelopes reveal well-conserved IHPs and EHPs (Table A. 3.1).
The presence of both an EHP and IHP within ZP protein precursors is thought to prevent premature assembly of nascent ZP proteins within oocytes. In fact, the high-resolution structure of full-length ZP3 (Part A.4) reveals that the EHP is In the presence of a TMD, mutation of either the EHP or IHP has no effect on the secretion of nascent ZP proteins but results in failure to assemble the proteins into a matrix. 
Shown are aa sequences for the IHP and EHP of ZP3 orthologues from mammals (human and mouse), birds (chicken), amphibians (frog), and fish (trout). Identical aa for different species are indicated in bold and nonidentical, hydrophobic aa are underlined. the ZPD is followed by a CTP that contains a basic cleavage site, such as a CFCS, an EHP, and, in most cases, a TMD or GPI-anchor site. Precursors do not polymerize within the cell either as a result of direct interaction between the EHP and IHP or because they adopt a conformation dependent on the presence of both hydrophobic patches. C-terminal processing at the CFCS by a pro-protein convertase (cleaved at CFCS) leads to dissociation of mature proteins from the EHP and activation of the ZPD (activated ZPD) for assembly (polymerized) into fibrils and matrices.
found very close to the IHP. When the CTP of ZP protein precursors is removed by proteolytic cleavage at the CFCS, the EHP no longer interacts with the IHP and ZP assembly ensues. This mechanism may apply to all ZPD proteins since it relies on sequence elements, the EHP and IHP, and certain events, like coupling between proteolytic processing and assembly, which are conserved in all ZPD proteins. The IHP and EHP apparently function as "control switches" in ZPD protein assembly by preventing premature assembly of nascent ZP proteins within oocytes or other cell types. ZP protein constructs that lack a TMD are neither secreted nor incorporated into the ZP if either the EHP or IHP is missing. However, if a TMD is present, such constructs are secreted but not incorporated into the ZP. It is likely that the EHP transiently masks the IHP that is required for interactions between secreted nascent ZP proteins. Cleavage at the CFCS releases the EHP and activates ZP proteins for assembly into fibrils and matrices in the extracellular space (Fig. A.3 .4).
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A.4 Structure of the ZPd
As mentioned previously, the ZPD is a bipartite structure consisting of two subdomains, ZP-N and ZP-C, linked by a protease-sensitive region. However, ZP-N can serve as an independent structural domain since it is present in ZPD proteins Plac1, Oosp1, and papillote in the absence of the ZP-C sub-domain. In addition, divergent copies of ZP-N are found in single or multiple copies in the N-terminal extensions of ZP1, 2, 4, and ax (Fig. A.4.1) . It has been shown that the ZP-N sub-domain alone is a biologically active folding unit that can assemble into fibrils. This suggests that the ZP-C sub-domain may play a regulatory role in the assembly of ZPD protein complexes. ZP-N and ZP-C sub-domains share a common basic topology with β-sheet arrangements symmetrical to each other, although the sub-domains have significantly different primary structures and intramolecular disulfide bonds. There are two types of ZPDs. Type-I (ZP3-like) with eight Cys residues and type-II (ZP1/2-like) with 10 Cys residues. The type-I ZPD has a ZP-N sub-domain with four Cys residues, linked 1,4 and 2,3, and a ZP-C sub-domain with four Cys residues, linked 5,7 and 6,8. The type-II ZPD has a ZP-N sub-domain with four Cys residues, linked 1,4 and 2,3, and a ZP-C sub-domain with six Cys residues, linked 5,6, 7,a, and b,8 (Fig. A.4.2) .
There are exceptions to the two types of ZPD described above, including ZPDs with 12 Cys residues. The two additional Cys residues, referred to as Cx and Cy and linked x,y, are present in fish ZP1-like proteins (α and β) and are located between the ZP-N and ZP-C sub-domains (Table A.4.1).
There are a few other ZPD proteins with 11, 12, or more Cys residues within their ZPD, for example, piopio (Drosophila melanogaster) (Part D.5.d), RAM-5 (Caenorhabditis elegans) (Part D.3.c), and tectorin-α (mammals) (Part C.9). However, no disulfide assignments have been made for the extra Cys residues of these ZP1/2-like proteins. Cys residue clustering in ZP-C sub-domains is variable in chicken and pig ZP3; there is a disulfide linkage to a Cys residue C-terminal to the ZPD, 6,11 and 8,9, whereas in mZP3 it is 6,8 and 9,11. It is likely that these two different disulfide bonding patterns cause the polypeptides to adopt different conformations that may determine the specificity of egg coat assembly in different species.
The 3-dimensional structure of a ZPD has been determined by X-ray crystallographic analysis at 2.0 Å resolution using crystals of chicken ZP3. Chicken ZP3 was engineered as a shortened polypeptide (358 aa residues) with a deleted TMD (V403-I425), a mutated N-glycosylation site (N159VS → Q159VS), and no CFCS (R359FRR → A359FAA) [Note: There are two chicken ZP3 sequences; one is nine aa longer than the other at the N-terminus (446 vs. 437 aa). The numbering shown here is for the 437 aa ZP3 Yin-Yang-shaped, asymmetric structure. The two ZPDs are held together by electrostatic interactions between ZP-N and ZP-C sub-domains of opposing molecules. The β-strands of the ZP-N and ZP-C sub-domains share a common immunoglobulin (Ig)-like topology that give the ZPD an internal symmetry (Fig. A.4.3) . The ZPD of chicken ZP3 consists of 258 aa residues, from Q66 (ZP-N) to S323 (ZP-C) and does not include β-strands F″ and G and helix F″G (Fig. A.4.4) . In this overall topography, the C-terminal strand, including the EHP and mutated CFCS, is an integral part of the chicken ZP3-fold (Fig. A.4.3) . The EHP is part of β-strand G and faces directly the IHP on β-strand A of the ZP-C sub-domain. Apparently this arrangement is stable in the uncleaved protein precursor but dissociates slowly after cleavage at the CFCS. The structure is consistent with the idea that the EHP blocks premature protein assembly by acting as "molecular glue" that keeps the ZPD module in a conformation that is essential for secretion but is incompatible with assembly. 
A.5 evolutioN of ZPd ProteiNS
The ZPD arose more than ≃600 million years ago and is a component of proteins from a wide range of animal species, from jellyfish to humans (Fig. A.5.1 ; Parts B, C, and D). Protein domains like the ZPD are evolutionary units that can be duplicated and recombined. Pairs of domains are usually found in one sequential order (A → B or B → A) but almost never in both. So it is with the ZPD. ZP-N and ZP-C are always present in one order (ZP-N → ZP-C) and not the other (ZP-C → ZP-N), although the ZP-N sub-domain can be found by itself. Proteins with sequence identities of 40% or more usually have the same function (e.g., mammalian egg ZP proteins from platypus to human), those with identities of 25-40% have similar functions (e.g., fish and human ZP proteins), and those with identities below 25% have different functions (e.g., mammalian ZP proteins, tectorin-α, and uromodulin).
It is likely that ZP proteins are derived from a common ancestral gene. In this context, it has been proposed that a first duplication event in evolution gave rise to ZP3 and an ancestral ZP gene subsequently duplicated several times and evolved into all the other ZP genes (Fig. A.5.2) . ZPd genes are found in amphibians (Part D.8) and birds (Part D.10) and ZPax genes are found in fish (Part D.7), amphibians, and birds. The absence of ZPd and ZPax in mammals suggests that these genes have been lost during evolution. Accordingly, mammals have three to four ZP genes, amphibians have five ZP genes, and birds have six ZP genes.
Since more and more DNA sequencing data has become available, a better understanding of the genetics of the ZP has emerged. For example, ZP homologs are classified as orthologues (e.g., mZP3 vs. human ZP3) or paralogues (e.g., mZP3 vs. mZP2) and ZP locations are compared to portions of chromosomes in different species (e.g., comparable locations are referred to as synteny). In addition, several ZP pseudogenes have been identified in mammals, for example, a ZP4 pseudogene in mice and ZP1 pseudogene in dogs and cows.
Highly divergent sequences have been identified in ZP2 and 3. In mZP3, there are two clusters of sites-N-terminal (aa 25-50) and C-terminal (aa 331-373)-to the 
